Abstract: Touch sensors are crucial in controlling robotic manipulation when a robot interacts with environmental objects. In this study, multilayer flexible touch sensors in the form of an array were developed. The sensors use ink-type conductive flexible adhesives as electrodes which were printed on polyethylene terephthalate (PET) films in a parallel equidistance stripe pattern. Between the two printed layers, a double-sided adhesive film was used to combine each layer and was perforated at the junctions of the top and bottom electrodes with different-sized circles. These holes represent switching mechanisms between the top and bottom electrodes, and their sizes make the sensor respond to different levels of external pressure. We showed the durability of the fabricated sensor with 1 mm diameter holes by repeated experiments of exerting normal pressure ranging from 0 to 159.15 kPa for 1000 cycles. In case of 1 mm diameter holes, the state of each sensor node was reliably determined by the threshold pressures of 127.3 kPa for increasing pressure and 111.4 kPa for decreasing pressure. On the other hand, decreasing the hole size from 3 to 0.5 mm caused an increase in the threshold pressure from 1.41 to 214 kPa. The relation between the hole size and the threshold pressure was analyzed by a mechanical model. The sensor performance was also verified on curved surfaces up to 60 mm radius of curvatures. Additionally, we fabricated a sensor with three levels of sensitivity with a conventional method which was a thermal evaporation to show the extendibility of the idea.
Introduction
Force feedback is important to control robotic manipulation, especially when a robotic manipulator interacts with unstructured environments or unknown objects [1] . In case of grasp motion of humanoids and surgical robots, it is necessary to measure not only contact force, but also contact location of the exerted force for grasping delicately with an end-effector [2] [3] [4] . Fingertip force torque sensors were used for measuring three dimensional force and torque to control the fingers that interacted with environment [5] . In other cases, a manipulator like a robot arm measured external force by using a sensitive skin in order to avoid collisions [6] . Using tactile sensors is one way to get the force information. There are four popular transducing strategies for the tactile sensors: capacitive, resistive, peizoresistive and optical [1] .
Capacitive sensors consist of a pair of conductive plates and dielectric substance that separates the conductive plates. The external force causes a change in the gap between the conductive plates,
Experimental Section

Operation Principle
The working principle of the proposed sensor is simple. The proposed sensor is an array of sensing elements that can sense discrete pressures in accordance with their hole size. Each sensing element detects an on/off signal by an interconnection between top and bottom electrodes. These electrodes can be connected to each other through the holes in an intermediate layer. Applying external load on the sensing element causes connection between the top and bottom electrode, which makes resistance between the top and the bottom electrode decrease from the infinite to tens of ohm. Therefore, readout electronics can detect contact locations and pressures by reading the signal from I/O port. Sagisaka et al. proposed in [19] a large number of tactile sensing points in their conformable tactile sensing glove. Principle of the sensing mechanism is similar to ours in terms of that two electrode layers are connected by the external force. However, configuration of the sensor is totally different from that of our sensor.
Material
We previously reported highly conductive flexible adhesives (CFAs) that composed of silver (Ag) flakes, multiwalled carbon nanotubes decorated with silver nanoparticles (nAg-MWNTs), and nitrile butadiene rubber (NBR) [20, 21] . NBR was used as a printable, flexible, and adhesive matrix and Ag flakes were used as primary conductive fillers. Carbon nanotubes with a high aspect ratio construct an effective electrical network between Ag flakes, and pre-attached silver nanoparticles improve the contact [20, 21] . The conductivity is as high as 37,521 S/cm after the hot-rolling process that exhibited negligible variation upon bending [20] . In this study, CFA that was synthesized using a previously published protocol [20, 21] was printed on a polyethylene terephthalate (PET) film substrate as an electrode.
Concept Design
The proposed sensor consisted of three components which were an intermediate layer, a pair of electrode layers and a pair of cover layers with PDMS. The top and bottom electrode layers were arranged as shown in Figure 1a so that the top electrodes were horizontally and the bottom electrodes were vertically aligned in top view. Holes in the intermediate layer have two different sizes. The sizes of holes are 1 mm and 3 mm. Different levels of pressures were detected in accordance with the sizes of the holes. Figure 1b shows a cross-sectional view of the sensor along the AA' line. The top and bottom electrodes were printed by CFAs (thickness 30 µm) and used as signal lines on the PET films (thickness 30 µm). The intermediate layer that was made by a double-sided adhesive film (adhesive 9 µm + PET 12 µm + adhesive 9 µm) was used as a bonding layer. In addition, the holes in the intermediate layer play a role in serving a gap between the top and the bottom electrodes. The cover layers with PDMS have 100 µm thickness. The electrode layers were encapsulated by the PDMS layers. These cover layers ensure durability and repeatability of the sensor due to protection of the primary sensing layers. 
Fabrication
The proposed sensor is designed to be manufactured easily. Figure 2a shows the process of printing stripe pattern electrodes on a PET film. CFA was synthesized using a previously published protocol [20, 21] . First, Ag flakes were added to 4-methyl-2-pentanone and stirred under ultrasonication. Next, nAg-MWNTs were added to the mixture and stirred. Lastly, NBR was added and stirred for one hour [20, 21] . Then, the viscous ink (328 Pa·s) was printed on the PET films with a parallel stripe pattern. The PET films used as the substrate for patterning the CFA had a thickness of 30 μm. A mask for the stripe pattern was formed on the PET film by attaching tapes with a pitch of 2 mm, where the clear adhesive tape has 30 μm in thickness and 2 mm in width. The tapes were lifted off after curing CFA resulting in a parallel stripe pattern. The intermediate layer was perforated by using hole punches. Diameter of the fabricated holes are 1 mm and 3 mm. The size of hole depends on the diameter of the hole punch. Various hole punches were used for creating different size of the holes. As shown in Figure 2b , the electrode layers were carefully assembled with the intermediate layer in order to align their electrodes perpendicularly like a cross. Wires for signal processing were attached on the electrodes with silver paste. PDMS (Sylgard 184, mix ratio 10:1 in weight, Dow Corning, 
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Results and Discussion
An experimental system consisted of a push-pull gauge (RX-2, Aikoh, Osaka, Japan), a LCR meter (E4980A Precision LCR meter, Agilent, Santa Clara, CA, USA) and a laptop equipped with LabVIEW software (National Instruments, Austin, TX, USA) as shown in Figure 4 . External load was applied on the sensor in a downward direction by the push-pull gauge. The push-pull gauge was mounted on the motorized linear guide. The force resolution of the push-pull gauge is 10 mN. Resistance of the sensor was measured by LCR meter with 1 V @ 100 kHz and Cp-Rp function. The measured resistance data was transmitted to the computer via a LAN cable. The LabVIEW software was used for collecting and saving the data. This software also, displayed the output data in real time. The performance of the cells with diameter 1 mm was verified as shown in Figure 5 . First, the 1 mm diameter cell was tested by repeated experiments to check the durability and the hysteresis of the sensor. Normal pressure ranging from 0 to 160 kPa was exerted and released for 1000 cycles on the cell with a circular-shaped flat Ø 4 mm tip. The exerting/releasing cycle was automatically repeated by a motorized linear stage. In case of the 1st, 100th and 1000th exerting/releasing cycles, resistance values were recorded at specific pressures with a logarithmic scale as shown in Figure 5a . This result shows the sensor can endure a repeated mechanical stimulus more than 1000 times with 
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where Tip R is the radius of the circular-shaped flat Ø 4 mm tip and Contact R is the radius of the circular boundary between the loaded and the unloaded region in the PET film. According to the theory of the plates, deflection of axis-symmetry circular plates is obtained from the following:
where, r is radial distances of points in the middle plane of PET film, PET w is the deflections in the downward direction, r M is bending moment per unit length, Q is shearing force per unit length and D is flexural rigidity [23] . In Equation (4), the PET film properties are as follows: thickness We present a simple analytical model for the relation between the hole size and threshold pressure by simplifying and some assumptions. We assume that the diameter of the circular tip is larger than the hole size. A Young's modulus of PET film is about 2.3 GPa [22] and Young's modulus of PDMS was measured as 1.189 MPa. The PET film and PDMS film are detachable, because they were not bonded together in fabrication. Because the PET film is even stiffer than the PDMS film and they are detachable, it is obvious that the pressure is distributed on the deformable region of the PET film as shown in Figure 7a . To simplify the model, we did not consider electrodes and assumed that the exerted pressure is uniformly distributed over the PET film as follows:
where R Tip is the radius of the circular-shaped flat Ø 4 mm tip and R Contact is the radius of the circular boundary between the loaded and the unloaded region in the PET film. According to the theory of the plates, deflection of axis-symmetry circular plates is obtained from the following:
where, r is radial distances of points in the middle plane of PET film, w PET is the deflections in the downward direction, M r is bending moment per unit length, Q is shearing force per unit length and D is flexural rigidity [23] . In Equation (4), the PET film properties are as follows: thickness h = 30 µm, Young's modulus E PET = 2.3 GPa [22] and Poisson's ratio ν PET = 0.3 [24] . By the force analysis in Figure 7b , the shearing force is obtained as shown in Equation (5): Using Equations (2) and (5) 
where c i (i = 1, 2, · · · , 6) are integral coefficients. The boundary conditions for edge of the PET film are clamped edge and can be represented as Equation (9):
The deflection should be continuous and smooth, so the values of dw PET dr and w PET are identical to zero at r = R Contact , and additionally dw PET dr = 0 at r = 0. Also the bending moment M r should be equal at r = R Contact . Using these conditions and Equations (3) and (6)- (9), integral coefficients were determined as follows: 
Thus, the maximum deflection occurs at r = 0 and it was obtained as Equation (11):
Equation (11) is the result when adhesive layers in Figure 7c are treated as a rigid body. However, deformation of the adhesive layers causes additional deflection of the PET film. This deformation was also simplified as shown in Figure 7c . In this model, uniformly distributed pressure which is applied on the adhesive layer is as follows:
The deformation of the adhesive layer was calculated by well-known Hooke's law:
Sensors 2016, 16, 1515 9 of 13 where t Adhesive is the thickness of the adhesive layers and ∆t Adhesive is the change in the thickness. t Adhesive is 9 µm when the sensor is not loaded. We assumed that the additional deflection w Adhesive and the deformation of the adhesive layer ∆t Adhesive are roughly similar to:
Using Equations (11)- (15), the additional deflection was obtained as follows:
The proposed sensor is symmetric with respect to the intermediate layer, which means that the deformation of the lower layers and upper layers are the same. When a total deformation w Total , the sum of these deformation, is equal to 30 µm, two electrodes are connected, therefore we have that:
According to Equations (11), (16) and (17), the threshold pressure was obtained as follows:
∆R (mm) represents the contact region between PET film and PDMS film, and is equal to R Hole − R Contact as shown in Figure 7a . We assume that ∆R (mm) increases linearly from 0.25 mm to a (mm) as R Hole increases from 0.25 mm to 3 mm as follows:
Young's modulus of the adhesive in Equation (18) and constant a in Equation (19) are unknown. Therefore the simple analytical model was fitted with these two constant variables by using the least-squares percentage regression [25] . The least-squares percentage regression is a method that minimizes the sum of relative errors, which is:
As the adhesive layer is predicted to be softer than the PDMS, E Adhesive was chosen in the range of 100-800 kPa with the interval of 1 kPa. The constant a was chosen in the range of 0.25-0.4 mm with the interval of 1.5 × 10 −4 mm. As R 4
Contact ln
does not exist at ∆R = 0.25 mm, all terms of 0.25 mm in Equation (19) were changed to 0.24999 for computation. By complete enumeration survey in the previous range, the constants obtained: a was 0.3174 and E Adhesive was 186 kPa with 0.9406 of S. This result is shown in Figure 6 . Thus, the threshold pressure is a function of the hole size. The threshold pressure deceases as the size of the hole continues to increase. This result is shown in Figure 6 . Thus, the threshold pressure is a function of the hole size. The threshold pressure deceases as the size of the hole continues to increase. The proposed tactile sensor was tested on curved surfaces. The threshold pressure of sensors with 1 mm diameter and 3 mm diameter holes was measured on the various curved surfaces as shown in Figure 8 . The tactile sensor was placed on the surface of a cylindrical rod. Then, normal pressure was exerted on the single cell by the circular-shaped Ø 4 mm flat tip. The threshold pressure was almost invariant in each cell as the radius of curvature decreases up to 60 mm. This result is shown in Figure 8 . The proposed tactile sensor was tested on curved surfaces. The threshold pressure of sensors with 1 mm diameter and 3 mm diameter holes was measured on the various curved surfaces as shown in Figure 8 . The tactile sensor was placed on the surface of a cylindrical rod. Then, normal pressure was exerted on the single cell by the circular-shaped Ø 4 mm flat tip. The threshold pressure was almost invariant in each cell as the radius of curvature decreases up to 60 mm. This result is shown in Figure 8 . This result is shown in Figure 6 . Thus, the threshold pressure is a function of the hole size. The threshold pressure deceases as the size of the hole continues to increase. The proposed tactile sensor was tested on curved surfaces. The threshold pressure of sensors with 1 mm diameter and 3 mm diameter holes was measured on the various curved surfaces as shown in Figure 8 . The tactile sensor was placed on the surface of a cylindrical rod. Then, normal pressure was exerted on the single cell by the circular-shaped Ø 4 mm flat tip. The threshold pressure was almost invariant in each cell as the radius of curvature decreases up to 60 mm. This result is shown in Figure 8 . As discussed, the threshold pressure decreased with increasing hole size. This mechanism can be easily extended to multiple force level touch sensors which we call digital type touch sensors as shown As discussed, the threshold pressure decreased with increasing hole size. This mechanism can be easily extended to multiple force level touch sensors which we call digital type touch sensors as shown in Figure 9a . Electrodes of this digital type touch sensor were fabricated with Cu/Cr by the thermal evaporation method to show that the design concept can be applied with conventional fabrication methods. To increase sensitivity and reliability, we implemented cylindrical bumper structure with 1.5 mm diameter and 0.2 mm height in the top PDMS layer. The cylindrical bumper structure was vertically aligned between the top PDMS layer and the bottom PET film on each cell. The intermediate layer of the extended sensor has three different hole diameters, 2.2 mm, 1.4 mm and 0.8 mm. The force was applied on four cells at the same time using a square-shaped flat 20 mm × 20 mm tip. In accordance with the sizes of the holes, the threshold force in each cell was 0.69 N, 1.54 N, and 2.04-2.33 N as shown in Figure 9b . 
Conclusions/Outlook
In this paper, a 4 × 4 array flexible touch sensor has been designed and fabricated by a printing method. The sensor was composed of an intermediate layer, a pair of electrode layers and a pair of PDMS layers. A circular hole in the intermediate layer and two electrodes in each electrode layer compose a sensing cell. Connecting the two electrodes, a loaded pressure can be detected by measuring the dramatic change in resistance. The threshold pressure deceases as the size of the hole increases. Using this characteristic, the sensor can be fabricated to measure multi-step pressures by altering the hole-size, although each sensing cell of the sensor is designed to detect only one step pressure output. This mechanism has an advantage in that it does not require additional complex circuits. The electrodes of the sensor were made of CFAs which are based on the rubber. CFAs were printed on PET film with a typical stencil method. CFAs have good performance regarding flexibility, conductivity and durability. The proposed sensor has a good flexibility that enables the sensor to perform on various curved surfaces. As the proposed idea is easily scalable to measure multiple discrete levels of forces with accurate measurements of contact locations, it has potential to be used in robotic applications.
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